We propose that TeV-PeV neutrinos, recently detected by the IceCube, can be produced by neutrons interacting with the matter of the accretion disks around black holes in active galaxies. Neutrons are extracted from nuclei which are disintegrated in jets of active galaxies. The neutrino spectra, expected from the whole population of the active galaxies, are confronted with the observations. We propose that neutrinos produced in such scenario can explain the extra-galactic neutrino background recently measured by the IceCube neutrino detector, provided that 5% fraction of galaxies is AGN and a few percent of neutrons reach the accretion disk.
Introduction
Recently a few tens of neutrino events have been detected by the IceCube neutrino telescope in the TeV-PeV energy range [1, 2] . It has been proposed that these neutrinos are produced within active galaxies at cosmological distances (see for review [3, 4] . We follow the general scenario, proposed in [5] , that protons accelerated in the jet interact with the accretion disk radiation. However, we consider more complicated scenario in which neutrinos are produced by neutrons colliding with the accretion disk matter. We note that a significant part of the matter which accretes onto the super-massive black hole (SMHB) in the AGN nucleus has to be composed from nuclei. This matter is likely to be more abundant in heavy nuclei, in respect to primordial matter containing ∼25% of helium, due to the efficient star formation occurring in the central parts of the parent galaxies. These nuclei are expected to be accelerated to relativistic energies in the re-connection regions in the jet and/or at the jet boundary layer. The nuclei disintegrate in collisions with the accretion disk radiation producing relativistic neutrons which, since neutral, can easily find the way to the dense matter in the accretion disk. Note that the neutrons from the disintegration of the nuclei have energies more than an order of magnitude lower than the neutrons produced in collisions of protons with photons due to the lower threshold on the first process. Therefore, neutrons from nuclei can easily produce multi-TeV neutrinos in consistency with the IceCube observations (see details in [6] ).
Nuclei in the jet
We consider the processes in the inner part of the active galaxy in which jets are expected to be launched by a rotating black hole or from the inner part of the accretion disk [7, 8, 9] . In fact, both processes mentioned above can play an important role. Therefore, the jet can be composed of a faster moving core region and slowly moving sheath or a cocoon formed by the matter surrounding the jet or by the outer layers of the jet expelled from the accretion disk, i.e. the accretion disk wind. We consider two regions as responsible for the acceleration of particles in the jet/cocoon system, i.e. the re-connection regions in the jet and the transition region between the jet and the cocoon. We assume that an essential part of the jet power can be transferred to the relativistic nuclei in the inner part of the jet. As a result of the disintegration of nuclei in collisions with the disk radiation, relativistic neutrons are extracted. In fact, neutrons can take a significant part of the energy of the accelerated nuclei, between ∼8 −1 (in the case of the presence of only primordial Helium, assuming the primordial He abundance of ∼0.25 [10] , and up to ∼2 −1 (if accelerated hadrons are dominated by heavy nuclei).
We assume that nuclei can be accelerated in re-connection regions, which are oriented in the general direction towards the accretion disk in the SMBH rest frame. Their energies are large enough that the disintegration process is efficient. Acceleration of particles in the re-connection regions is expected to be responsible for the acceleration of particles in relativistic jets of blazars [11, 12, 13, 14, 15, 16, 17] . We apply a simple model for the acceleration process in the reconnection region. Its length, L rec , scales with the distance from the base of the jet [18] . The distance along the jet, R, is given in units of the inner radius of the jet, R in , according to r = R/R in . Then, L rec is linked to the SMBH mass, L rec = ξ R in r ≈ 10 14 ξ −1 M 9 r cm, where R in = 3R s ≈ 9 × 10 14 M 9 cm is the inner radius of the jet, R S is the Schwarzschild radius of the black hole, M BH = 10 9 M 9 M ⊙ is the mass of the black hole in the Solar masses, ξ = 0.1ξ −1 is the scaling factor of the re-connection region assumed to be comparable to the perpendicular extend of the jet which is ∼0.1r for the opening angle of the order of ∼0.1 rad.
The mean free path for the disintegration of the Helium nuclei (expected to be the most abundant between the nuclei) in the radiation field of the accretion disk is λ He des = (n ph σ He des ) −1 ≈ 9.4 × 10 11 r 2 /T 3 4.5 cm, where n ph ≈ 5.3 × 10 14 T 3 4.5 /r 2 ph. cm −3 is the density of the diluted, by the factor r, black body radiation with the temperature at the inner disk radius T D = 3 × 10 4 T 4.5 K, σ He des ≈ 2 × 10 −27 cm 2 is the cross section for the disintegration process of He nuclei at its maximum (see Appendix A in [19] ). In order to provide an efficient disintegration of nuclei, λ He des should be shorter than the size of the re-connection region. In contrary, helium nuclei have to be accelerated to large enough energies in order to suffer efficient disintegration. The electric field strength within the re-connection region is parametrised by, V rec = ηcB ≈ 3 × 10 3 η −1 B 2 r −β V cm −1 , where the magnetic field strength along the jet is described by B = B in r −β (with β = 1 for the toroidal component and β = 2 for the longitudinal component), the magnetic field at the base of the jet is B in = 100B 2 G, η = 0.1η −1 is the efficiency of the re-connection process, and c is the velocity of light. The maximum Lorentz factors of the nuclei can be estimated from, eV, where A He = 4 is the mass number of He nuclei, m p c 2 is the proton rest energy, and k B is the Boltzmann constant. Note that neutrons from the disintegration of the nuclei are expected to have Lorentz factors similar to those of the parent nuclei. We assume that a part of neutrons, liberated from nuclei, impinges onto the accretion disk. Neutrons with the Lorentz factors above γ n > E min He /(A He m p ), can travel characteristic distances of the order of X n > cτ n γ n > 8×10 18 cm. We conclude that in most cases the neutrons extracted from the nuclei, moving towards the accretion disk, can reach the disk surface before decaying.
Essential role in the collimation of a jet plays the surrounding matter and/or the wind from the accretion disk. Therefore, jets are expected to have regions (boundaries) filled with plasma moving with various velocities. The jet likely have a faster inner section, powered by the black hole or the inner disk, and a slower outer section anchored in the more distant parts of the disk. The border between these two parts of the jet has been proposed to provide good conditions for the acceleration of particles. In fact, the acceleration of particles at the boundary between relativistic jet and its cocoon was discussed [20, 21, 22, 23] . Nuclei accelerated in such mechanism should spend significant time within the cocoon of the jet in which their distribution is close to isotropic. Therefore, they can preferably interact with the nearby accretion disk radiation. As a result, the nuclei can lose nucleons in the photo-disintegration process. Neutrons can propagate towards the accretion disk and interact with the disk matter.
The simulation of the particle acceleration process [20] shows that in favorable conditions considered acceleration process can be very rapid. The acceleration length in the observer's frame,
PoS(ICRC2017)1069
Neutrinos from active galaxies due to the particle advection along the jet flow, can be L acc ∼ α o r L , where r L ≈ 6 × 10 6 γ He B −1 G cm is the Larmor radius of the nuclei and the parameter α o can be as small as ∼10. We are interested in situations in which the accelerated nuclei are efficiently disintegrated. Then, the acceleration length of nuclei, L acc ∼ 6 × 10 6 α o γ He B −1
2 cm, should be at least equal (or shorter) than the mean free path for their disintegration, provided that on this distance scale the nuclei reach energy above the threshold for disintegration. The condition, L acc ≤ λ He des , is fulfilled for the distance from the base of the jet, r ≥ 0.02α o T 4 4.5 B −1
2 , for the case of the dominant toroidal structure of the magnetic field in the jet, i.e. β = 1 and α o ∼ 10.
We estimate the maximum Lorentz factors of nuclei, accelerated at a specific distance, L, from the base of the jet, in the jet boundary layer by comparing their characteristic acceleration length, L acc , with the distance scale along the jet, L ≈ 10 15 M 9 r cm, γ max He ≈ 1.5×10 10 M 9 B 2 r 1−β /α o . Assuming α o ∼ 10, this maximum Lorentz factor is γ max He ≈ 1.5 × 10 9 M 9 B 2 for β = 1 and γ max He ≈ 1.5 × 10 9 M 9 B 2 /r for β = 2. The mechanism of particle acceleration at the jet boundary described above is expected to produce relativistic particles with a flat power law spectrum [20, 21, 22, 23] .
Neutrons in the accretion disk
A part of neutrons is directed towards the accretion disk. These neutrons have large enough Lorentz factors to reach the accretion disk before decaying. Neutrons have the power law spectrum consistent with the spectrum of the accelerated nuclei. We assume that the accretion disks around SMBHs in radio loud active galaxies are well described by the Shakura-Sunyaev disk model [24] . The surface mass density in the inner part of such a geometrically thin type disk is, Σ(r) = 4.6α −1ṁ−1 r 3/2 (1 − r −1/2 ) −1 g cm −2 , (see Eq. 2.9 in [24] ), where r is the distance from the black hole expressed in units of the inner radius of the accretion disk, r in = 3r S = 6GM BH /c 2 , m is the accretion rate in units of the Eddington accretion rate, α is the viscosity coefficient, G is the gravitational constant. The above formula is valid for distances, r < 150(αm) 2/21ṁ16/21 , where m = M BH /M ⊙ . The density of matter in the disk is low since the thickness, z, of the disk around the super-massive black hole is quite large (see Eq. 2.8 in [24] ), z(r) ≈ 3.2 × 10 6ṁ m(1 − r −1/2 ) cm. For the parameters,ṁ = 0.1 and m = 10 9 , the half thickness of the disk is z ≈ 9.4 × 10 13 cm. Density of the matter in the disk is a few orders of magnitudes lower than the density of the Earth's atmosphere. Therefore, pions and muons with considered energies decay onto neutrinos before interacting with the matter.
We calculate the all flavor neutrino spectra produced in the above discussed scenario for the SMBHs with different masses. As an example, we assume that nuclei are accelerated with the power law spectrum and an exponential cut-off. Neutrons are extracted from these nuclei with a similar spectrum. It is of the form, dN n /dE n ∝ E −δ n exp(−E n /E max n ). The power taken by neutrons can be obtained by relating it to the accretion luminosity of the SMBH. This accretion luminosity can be again related to the Eddington luminosity of the SMBH, assuming the cosmological redshift averaged accretion efficiency, L acc = χL Edd = 1.3 × 10 46 χ −1 M 9 erg s −1 , where L Edd is the Eddington luminosity, and the efficiency of the accretion process is χ = 0.1χ −1 . In the case of the radio-loud AGN this value has been estimated to be in the range ∼(0.01-0.1) [25] . It is assumed that approximately a half of the energy released by accretion is irradiated from the accretion disk surface, L D = 0.5L acc , and a half of the accretion energy is transferred to the jet, L j = 0.5L acc .
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Neutrinos from active galaxies K. In order to estimate the characteristic maximum energies of neutrons, E max n , as a function of the SMBH mass, we set the upper limit on the magnetic field strength at the base of the jet by assuming that the jet power is mainly curried out in the form of the Poynting flux, L j ≈ πr 2 in c(B 2 in /8π) 2 . This relation allows to estimate the magnetic field on, B in ≈ 1.3 × 10 3 (χ −1 /M 9 ) 1/2 G. Introducing this value of the magnetic field strength to the formula for the maximum energies to which nuclei can be accelerated in the jet and applying the assumed scaling values for other parameters, we estimate the characteristic maximum energies of neutrons on, E max n = 2 × 10 9 (χ −1 M 9 ) 1/2 GeV. We fixed the parameter describing the distribution of the magnetic field in the jet on β = 1. Then, the maximum energies of the nuclei are independent on the distance from the SMBH. A part of the neutrons, extracted from the nuclei, move towards the accretion disk and interact with the matter producing neutrinos in hadronic collisions. As an example, we show the dependence of the neutrino spectra on the SMBH mass (see Fig. 1 on the left), on the spectral index of the spectrum of nuclei (see Fig. 1 in the middle), and different efficiency of the accretion process (see Fig. 1 on the right) . Note that the spectra of particles with indexes as low as δ = 1 are expected in the case of the re-connection process [?] . The spectra shown in the first two figures on Fig. 1 , are calculated for the SMBH accreting the matter at the rate of χ = 10% of the Eddington accretion rate and assuming that the nuclei take 10% of the jet power.
Extragalactic neutrino background
In order to determine the contribution of the neutrinos, produced in the accretion disks around SMBHs, to the Extragalactic Neutrino Background ENB, we integrate the neutrino spectra over the luminosity function of the spheroids around SMBHs in active galaxies. This luminosity function is related to the masses of SMBHs. We integrate this formula over the part of the Universe up to the redshift z max = 2. The diffuse neutrino flux is then given by,
where
is the spheroid luminosity, L, function, z is the redshift, and V is the volume. The spheroid luminosity is related to the SMBH mass through the formula,
taken from [26] . The luminosity function is expressed as a Schechter function [27] , we derive the mass of the SMBH and determine the accretion luminosity. The extragalactic neutrino background is calculated after integrating over the population of the SMBHs within the active galaxies. The results are compared on Fig. 2 , with the all-flavor ENB reported by the IceCube [28] , assuming different spectral indexes of the accelerated nuclei (on the left) and different values of the accretion efficiency onto the SMBHs (Fig. 2 on the right) . The best description of the ENB is obtained for the spectral index equal to δ = 2.2 and rather large accretion efficiency χ = 0.1. The level of calculated ENB is consistent with the observations provided that the normalization factor of the spectrum of nuclei is equal to A N ∼2×10 −6 . The factor A N is the product of a few coefficients, i.e. the accretion power of the SMBH (in units of the Eddington luminosity) expressed by χ, a factor describing the part of energy of nuclei taken by neutrons (in the range ∼8 −1 to ∼2 −1 ), the part of the accretion power transferred to the jet (assumed 2 −1 ), the efficiency of acceleration of nuclei (usually assumed 10%), the parameter describing a part of all SMBHs which are active within galaxies, and the parameter describing a part of neutrons which reach the accretion disk. The last two factors are the most uncertain. For the values of the other coefficients mentioned above, the product of these two last parameters should be of the order of (0.8 − 3.2) × 10 −3 . Therefore, the model can explain the observations of the ENB provided that e.g. (1.6 − 6.4)% of the neutrons reach the accretion disk surface and 5% of SMBHs are in the active phase. We have also investigated the effect of much lower accretion efficiency of matter onto the SMBHs by showing the neutrino spectra for χ = 0.03 and different spectral indexes of the neutrons (Fig. 2 on the right) . It is clear that the lower accretion efficiency might be also consistent with
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Neutrinos from active galaxies the observations provided that the spectral index of accelerated nuclei is clearly flatter than the previously considered value 2.2 (taking into account large error bars of the neutrino spectral points). The neutrinos produced in terms of such a model are expected to be only mildly beamed in the direction perpendicular to the accretion disk. Therefore, different types of observed active galaxies, i.e. blazars, radio galaxies, or even Seyfert galaxies with evidences of jets, could contribute to the ENB. Due to this feature of unbeamed neutrino emission, only the closest AGNs might be expected to produce observable neutrino event rates in the IceCube telescope. In order to check this, we calculate expected neutrino event rates from the nearby active galaxy, M 87, under the hypothesis that it is typical contributor to the ENB, i.e. assuming for it the average normalization factor A N = 2 × 10 −6 derived from the modeling of the ENB. For the active galaxy M87, which is at the distance of 16.4 Mpc [29] and harbors a SMBH with the mass ∼5×10 9 M ⊙ [30] , the expected neutrino event rate in the IceCube telescope is estimated on ∼0.7 ν yr −1 . We used the effective area of the IceCube neutrino detector reported in [31] . In these calculations we assumed the spectral index of nuclei equal to 2, i.e. marginally consistent with the modeling of the ENB (see Fig. 2 ). Note however, that M 87 is under-luminous active galaxy with the estimated accretion rateṁ ≈ 1.6 × 10 −3 [32] . The accretion process in M87 may not be correctly described by the considered in this paper Shakura-Sunyaev disk model. Therefore, this neutrino event rate should be considered as the upper limit. We conclude that the perspectives for the identification of the neutrino events with the specific active galaxies are not very promising in terms of the considered model.
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